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Estimates derived from satellite data of photosynthetically active radiation absorbed by terrestrial vegetation correlate with
atmospheric carbon dioxide concentrations measured at surface recording stations, suggesting that satellite data can be

used to estimate terrestrial photosynthesis.

TERRESTRIAL photosynthesis is inversely related to atmos-
pheric carbon dioxide concentrations and is an important com-
ponent of the global carbon cycle. The lack of temporal resol-
ution and global data has prevented comparisons between esti-
mates of terrestrial photosynthesis and measurements of atmos-
pheric CO, concentrations from remote maritime monitoring
stations. This is now possible using data derived from meteoro-
logical satellites.

Primary production

The biosphere absorbs CO, from the atmosphere through photo-
synthesis which incorporates absorbed carbon into carbohy-
drates, giving off O,. In the terrestrial biosphere, CO, absorption
occurs in the green leaves of plants, where intercepted photosyn-
thetically active radiation (IPAR) (0.4-0.7 um) is absorbed by
the photosynthetic pigments. The energy of the absorbed
photons is used to drive the reaction of photosynthesis, yielding
carbohydrates through primary production. Incident radiation
in the 0.4-0.7-pm region is strongly absorbed by green leaves
(by scattering and absorption by photosynthetic pigments), and
radiation in the 0.7-1.1-pm region is strongly backscattered or
reflected (by scattering in the absence of absorption)'~®. Thus,
reflected radiance from the red and near-infrared spectral
regions can be used to estimate the green-leaf biomass of plant
canopies®’, are directly be related to the IPAR® '3, the photosyn-
thetic capacity and the resistance to water-vapour transfer of
plant canopies"’.

Atmospheric CO,

Measurements of atmospheric CO, concentrations at monitoring
stations have a seasonal oscillation superimposed on an annually
increasing trend. The annual amplitude of this oscillation is ~15
parts per 10° (p.p.m.) at Point Barrow, Alaska, and decreases
southward to ~6 p.p.m. at Mauna Loa, Hawaii, and to ~1-
2 p.p.m. in the Southern Hemisphere. The annual maximum
atmospheric CO, concentration in the Northern Hemisphere
occurs in the late spring or early summer and the annual
minimum concentration occurs in the autumn'*'®>. The annual
oscillation of atmospheric CO, is due primarily to seasonal
exchange of CO, with the terrestrial biosphere'*'%'”; in contrast,
there is little seasonal exchange of CQ, with the upper ocean'®°,
The CO, exchange with the biosphere has been simulated using
diffusion, advection-diffusion, three-dimensional tracer
models®®-?? and biospheric-exchange functions. Bolin and Keel-
ing® and Pearman and Hyson?* derived CO, sources and sinks

§ Present address: NOAA/PMEL, Seattle, Washington 98115, USA.

consistent with atmospheric CO, observations, while Azevedo®®
constructed simple biospheric-exchange functions based on
assumed vegetation seasonality and geographical location.
However, the biospheric CO, drawdown and release functions
that correlated best with measured CO, concentrations showed
differences by at least a factor of 2 (refs 20-25). The release of
CO, from terrestrial vegetation can be approximated if primary
production and the temperature regime are known; the draw-
down of CO, by terrestrial vegetation can be determined if
primary production is known. Thus, elucidation of the role of
the terrestrial biota in the gobal carbon cycle requires an estimate
of the terrestrial primary production; this can be achieved
through remote sensing by satellite.

Remote sensing

By monitoring global changes in the IPAR of the terrestrial
biota, an estimate of CO, drawdown and primary production
can be obtained through the relationships between leaf structure,
leaf density and light in plant canopies, and that between IPAR
and photosynthetic capacity'’.

The CO, cycle involves not only photosynthesis and respira-
tion, but also decomposition of carbon compounds, uptake and
release by oceans, combustion of fossil fuels, and fires involving
vegetation. Deforestation contributes towards atmospheric CO,
through burning and/or subsequent decomposition of
phytomass, litter and associated carbon concentrations in the
soil, although the magnitude of this contribution is uncertain®>?’,
Remote sensing by satellite enables the temporal and spatial
variations in the IPAR of the terrestrial biota to be quantified.

Remote-sensing studies of the biota have used Landsat and
meteorological satellites data. Landsat multispectral scanner
(MSS) data, with a spatial resolution of 80 m, are not appropriate
for the study of seasonal changes in the terrestrial biota, because
~5,000 Landat MSS scenes would be required to cover the
world’s surface. The polar-orbiting meteorological satellites of
the National Oceanic and Atmospheric Administration (NOAA)
are suitable for observing terrestrial IPAR dynamics. The
advanced very-high-resolution radiometer (AVHRR) sensor on
board these polar-orbiting satellites daily collects global radi-
ance data at a 4-km spatial resolution. Combinations of channel
1 (0.55-0.68 wm) and channel 2 (0.73-1.1 wm) data from the
NOAA satellites’ AVHRR have been used to study continental
land cover, global vegetation phenology and net primary pro-
duction by grasslands using data from 1 to 4-yr periods®*-!.

Data methods and use

Data on monthly atmospheric CO, concentrations for 1982-84
were obtained for Point Barrow, Alaska (147° W, 71° N), and
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Fig. 1 Variation of global atmospheric CO, concentrations with
latitude and time based on the NOAA/GMCC flask measurements
for 1982-84.

Mauna Loa, Hawaii (156° W, 20° N); and from January 1982
to September 1984 for the South Pole (90° S). Stations there are
operated by the NOAA Geophysical Monitoring for Climatic
Change (GMCC) programme, and the CO, flask samples are
analysed at the Scripps Institute of Oceanography. CO, con-
centrations for 20 globally dispersed monitoring sites operated
and analysed by NOAA/GMCC for 1982-84 were also obtained.

The atmospheric CO, concentration is the combined response
to terrestrial biospheric, oceanic and anthropogenic sources and
sinks, convolved with long-range transport. Figure 1 shows the
total CO, signal from January 1982 to December 1984 measured
at the 20 global monitoring stations. An annually increasing
trend of ~1.5 p.p.m. yr ' from anthropogenic sources, and an
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annual cycle, with an amplitude greatest around 50°-70° N, is
evident. To extract the seasonal variation from the CO, records,
we computed the 12-month running means for each station and
subtracted these from the CO, record (see ref. 15).

Global weekly data from NOAA-7’s AVHRR were obtained
for the period from 12 April 1982 to 28 October 1984 (ref. 32).
These data were re-mapped from a polar stereographic projec-
tion to a Mercator projection so that the world could be represen-
ted in a single image. The normalized difference vegetation index
(NDVI) [(C, - C,)/(C,+C,)] was calculated®’, and the highest
monthly NDVI value was selected from the weekly data for
each month between April 1982 and October 1984 (Table 1).
This procedure minimizes the effects of Sun angle, off-nadir
viewing, atmospheric pathlength and aerosols, and clouds, all
of which decrease the NDVI*, In winter conditions, spurious
NDVI values result from a combination of low solar illumination
levels, differing dark-current levels in channels 1 and 2, and
pathlength-associated variation in atmospheric effects. These
effects are apparent not only during the respective hemisphere
winters, but also if the NDVI is calculated from AVHRR data
acquired during the night. To compensate for these spurious
values, mean monthly surface temperature data were acquired*®,
and areas within the 0 °C or colder regions were assigned NDVI
values of 0.00 because physiological evidence suggests that the
rate of photosynthesis at 0 °C is close to zero™’.

The monthly NDVI data, which have an average grid-cell size
of ~40km, were used to compute average values for global
latitude zones. The zonal averages were multiplied by the land
area within each zone (to weight the averages by the land area
involved) and summed for various latitude zones; the sum for
each larger zone was then divided by the total land area in that
zone. The NDVI for a latitude zone represents the potential
IPAR; hence, we have assumed that the NDVI is directly related

Table 1 Weekly data used for monthly NDVI composite images

Month Year Weeks used
April 1982  12-18, 19-25, 26-30 April; 1-2 May
May 1982 3-9, 10-16, 17-23, 24-30 May
June 1982 31 May; 1-6, 7-13, 14-20, 21-27 June
July 1982 5-11, 12-18, 19-25, 26-31 July; 1 August
August 1982  2-8, 9-15, 16-22, 23-29 August
September 1982 30-31 August; 1-5, 6-12, 13-19, 20-26 September
October 1982  4-10, 11-17, 18-24, 25-31 October
November 1982 1-7, 8-14, 15-21, 22-28 November
December 1982 29-30 November; 1-5, 6-12, 13-19, 20-26 December
January 1983  3-9, 10-16, 17-23, 24-30 January
February 1983 31 January; 1-6, 7-13, 14-20, 21-27 February
March 1983 28 February; 1-6, 7-13, 14-20, 21-27 March
April 1983 4-10, 11-17, 18-24, 25-30 April; 1 May
May 1983 2-8, 9-15, 16-22, 23-29 May
June 1983 30-31 May; 1-5, 6-12, 13-19, 20-26 June
July 1983  4-10, 11-17, 18-24, 25-31 July
August 1983  8-14, 15-21, 22-28 August
September 1983 5-11, 12-18, 19-25, 26-30 September; 1-2 October
October 1983  3-9, 10-16, 17-23, 24-30 October
November 1983 31 October; 1-6, 7-13, 14-20, 21-27 November
December 1983  5-11, 12-18, 19-25, 26-31 December; 1 January
January 1984  2-8, 9-12, 16-22, 23-29 January
February 1984  30-31January; 1-5,6-12,27-28 February; 1-4 March
March 1984 5-11, 12-14, 19-25 March
April 1984 2-8, 9-14, 16-21, 23-29 April
May 1984 30 April; 1-6, 7-13, 14-20, 21-27 May
June 1984  4-10, 11-17, 18-24, 25-30 June; 1 July
July 1984 2-8, 9-15, 16-22, 23-29 July
August 1984  30-31 July; 1-5, 6-12, 13-19, 20-26 August
September 1984  3-9, 10-16, 17-23, 24-30 September
October 1984 1-7, 8-14, 15-21, 22-28 October

Comments
Includes 1-2 May

Includes 31 May
Includes 1 August

Includes 30 and 31 August

Includes 29 and 30 November

Includes 31 January
Includes 28 February
Includes 1 May

Includes 30 and 31 May

No data 1-7 August
Includes 1 and 2 October

Includes 31 October

Includes 1 January

No data 13-15 January

Inciudes 30-31 January and 1-4 March; no data
13-26 February

No data 14-18, 26-31 March

No data 15 and 22 April

Includes 30 April

Includes 1 July

Includes 30 and 31 July

The maximum monthly value was selected from the weekly data.

©1986 Nature Publishing Group



NATURE VOL. 319 16 JANUARY 1986

197

ARTICLES

Fig. 2 Weighted NDVI data plotted against time and latitude
zone. Note the highly seasonal effects in the northern latitudes,
the influence of deserts in the 20°-30° N latitude zone, the generally
constant response in equatorial areas, and the influence of the low
proportion of land area south of 30° S. See also Fig. 1. The average
NDVI value for each 5° latitude zone has been multiplied by the
land area in the zone to compensate for global variations in land

area.
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Fig. 3 Relationships between atmospheric CO, concentrations and NDVI averages with and without time lags between NDVI measurements
and CO, measurements. The CO, data are from stations at Point Barrow, Alaska: a, no time lag; d, 1-month lag; Mauna Loa, Hawaii: b, no
time lag; e, 1-month lag; £, 2-month lag; South Pole: c, no time lag. The corresponding NDVI averages are from 50° to 80° N for Point Barrow,

10° to 30° N and 10° to 80° N for Mauna Loa, and 30° to 60°S for the South Pole.
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to the photosynthetic capacity'® of the terrestrial surface in that
zone and should be inversely related to atmospheric CO, con-
centrations. Figure 2 shows the latitudinal and temporal vari-
ation of the zonally averaged NDVI (weighted by land area)
from April 1982 to October 1984. Consistent with considerations
of growing seasons, the maximum zonally averaged and weigh-
ted NDVI occurs in summer at middle to high latitudes in the
Northern Hemisphere. This pattern is a consequence both of
the large proportion of land area and the highly seasonal
behaviour of vegetation at these latitudes. The Southern Hemi-
sphere south of 30°S has a low weighted NDVI because its
vegetation is not as seasonal and the proportion of land area is
less than in latitude zones north of 30°S. The weighted NDVI
in equatorial areas is high throughout the year, and a desert
belt is apparent as a depressed weighted NDVI from ~20°N
to ~30° N. Figure 2 also shows differences in the weighted NDVI
from 1982 to 1984. The 1982 global peak occurred in August,
whereas the 1983 and 1984 global peaks occurred in July.

Results

The data presented in Figs 1 and 2 reveal an inverse relationship
between the NDVI and the seasonal variations in atmospheric
CO,: in the Northern Hemisphere, the NDVI increased in spring
to summer as the atmospheric CO, concentration decreased.

The NDVI data were plotted against the atmospheric CO,
data from the Point Barrow, Mauna Loa and South Pole stations
(Fig. 3). The South Pole data (Fig. 3¢) showed no relationship
between NDVI and CO,: south of 30°S, the oceanic area is
greater than land area which leads to smaller land/sea contrasts
in air temperature. Consequently, seasonal behaviour of both
the NDVI and the atmospheric CO, concentrations is less
marked than in corresponding latitudes of the Northern Hemi-
sphere (Figs 1, 2). Remote sources of CO, may also dominate
or obscure local sources of CO, through atmospheric circulation
and mixing in this region.

In contrast, the CO, data from Point Barrow and Mauna Loa
and the NDVI data from 50 to 80°N and from 10 to 30° N,
respectively (Figs 3a, b), showed a circular/elliptical relation-
ship. At Point Barrow, the data showed no change in relative
CO, concentration from April to June of 1982, 1983 and 1984,
while the NDVI from 50 to 80° N increased (Fig. 3a). At Mauna
Loa, however, the data showed a decrease in relative CO,
concentration from May to June of 1982 and 1983, while the
NDVI from 10 to 30° N again increased (Fig. 3b).

The Point Barrow results are consistent with heterotrophic
respiration rates reported for soil and litter in the tundra and
taiga zones between April and June®®?’. As soon as the ground
thaws, soil and litter respiration releases a burst of CO, and
this could explain the April to June displacement of the relative
CO,-NDVI relationship in Fig. 3a.

Atmospheric circulation and boundary-level mixing effects
would be expected to delay equilibration of CO, concentrations
by several weeks. A time lag between the NDVI and the
measured atmospheric CO, concentrations would be expected
because of the distance between the Point Barrow and Mauna
Loa stations and mid-latitude forest sites which have maximum
seasonality in photosynthesis. When the NDVI for month n was
plotted against the atmospheric CO, concentration for month
n+1, approximately linear relationships were found with the
Point Barrow and Mauna Loa data (Fig. 3d, e). The negative
slopes in Fig. 3d and e indicate the increased absorption of CO,
by increased amounts of terrestrial photosynthetic activity.

Inverse linear relationships, found between the Mauna Loa
CO, concentrations, lagged by 2 months, and the NDVI for
10-80° N (Fig. 3f) showed that CO, oscillations at Mauna Loa
represented the CO, response to the seasonal vegetation
dynamics of the Northern Hemisphere and were not dominated
by proximate sources and sinks. In addition, the globally
averaged CO, cycle has a peak-to-peak amplitude of 4-5 p.p.m.,
about 75% of that at Mauna Loa, and is nearly in phase with
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Fig. 4 The globally averaged atmospheric CO, concentration

plotted against the globally averaged NDVI with a time lag of 1

month. The CO, data are from the global network of 20
NOAA/GMCC stations.

the cycle there. The annual cycle at Mauna Loa is thus charac-
teristic of the globally averaged cycle.

Figure 4 shows the globally averaged CO, measurements from
the 20 stations plotted against the globally averaged NDVI.
When a lag of 1 month was introduced into the CO, data, an
inverse linear relationship was found, suggesting that the global
NDVI represents the photosynthetic capacity of the terrestrial
biosphere.

Conclusions

Our data show the relationship between monthly variations in
atmospheric CO, concentrations and terrestrial NDVI
dynamics, which are, in turn, estimates of IPAR and photosyn-
thetic capacity. Note that we have not considered factors such
as respiration, decomposition, consumption of fossil fuels,
oceanic processes and burning of vegetation, all of which
influence atmospheric CO, concentrations. Our analysis demon-
strates the measurable link between atmospheric CO, drawdown
and terrestrial NDVI dynamics and suggests that there may be
quantitative relationships between multi-temporal satellite data
and atmospheric CO, drawdown. The inclusion of oceanic CO,
uptake and release, respiration and decomposition processes,
fossil fuel contributions and other CO, sources and sinks can
be used to advance our quantitative understanding of the global
CO, cycle.
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Solvation energy in protein folding and binding
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We have developed a method for calculating the stability in water of protein structures, starting from their atomic coordinates.
The contribution of each protein atom to the solvation free energy is estimated as the product of the accessibility of the
atom to solvent and its atomic solvation parameter. Applications of the method include estimates of the relative stability
of different protein conformations, estimates of the free energy of binding of ligands to proteins and atomic-level descriptions

of hydrophobicity and amphiphilicity.

OF the forces that guide a polypeptide chain to its folded form
in water, solvent interactions, including the hydrophobic interac-
tion, are thought to be among the most important'*, Yet these
interactions are currently evaluated by relatively primitive
methods. This is in contrast to the other component energies
that stabilize proteins, such as hydrogen bonds, for which atom-
atom potential functions have been devised®”’. Present methods
for estimating the contribution of solvation energy to protein
stability include the assumption that the hydrophobic character
of each amino-acid residue can be summarized by a single
number, the amino-acid hydrophobicity®*!?. This is an oversim-
plification for amino acids such as Trp, Tyr, Glu, Gin, Lys and
Arg which have both polar and apolar parts. Some authors have
tried to overcome this limitation by devising more elaborate
residue hydrophobicities to improve the description®!>'*. Also
an oversimplification is the commonly used approximation that
the hydrophobic energy of a folded protein molecule is propor-
tional to the total protein surface that is accessible to water,
regardless of whether the exposed surface is apolar, polar or
charged"”.

To develop an explicitly atomic description of the interaction
of water with a protein, we extend the ideas of Langmuir'®,
Cohn and Edsall'’, and others'®'°, The basic assumption is that
the free energy of interaction of a solute with water can be
considered as a sum of energies of atomic groups. We follow
Langmuir in using the exposed surface areas of a group as a
measure of its interaction with solvent. In practice we use the
solvent-accessible surface area of Lee and Richards?® and other
recent workers®'-2%, This is defined as the area over which the
centre of a water molecule of radius 1.4 A can move while
maintaining unobstructed contact with the group. In our method,
the sign and strength of the water-solvent interaction are
specified by the atomic solvation parameter (ASP) of each atom
accessible to water. These values are determined, as described

below, from free energies of transfer®'%. Thus, our method
effectively combines two common approaches for evaluating
hydrophobic forces: computation of solvent-accessible surface
areas; and estimating energies from free energies of transfer.
Our method, however, extends the first approach by weighting
the effect of each atom by its polar or apolar character, and
extends the second in permitting calculation of the solvation
energy from the coordinates of individual atoms in each residue.
It advances both methods in permitting estimates of the free
energy of transfer of small molecules and of the contribution
of solvation to the free energy of binding of small molecules to
proteins.

Atomic contributions

Here we express the contribution of protein-solvent interactions
to the free energy of protein folding as a sum over all atoms of
the structure (except hydrogen atoms, which are not treated
explicitly). The term for each atom is the product of its solvent-
accessible area®® and its ASP for transfer from the interior of a
protein to aqueous solution. The transfer to solution of a single
atom, i, immersed in protein is depicted in Fig.1la. Let the
accessible surface area of the atom be given by A, and its atomic
solvation parameter be given by Ao;. Then the free energy of
transfer (AG) is

AG,=AdA; (1)

Now consider the transfer to water of amino-acid residue R
immersed in protein (Fig. 1a). We assume that the change in
free energy for this process can be approximated as a sum of
atomic terms, each like that of equation (2)

AGr= Y AdA 2)

atoms i
Note that the areas A; now depend on the conformation of the
amino acid, and that some atoms will be obscured by their
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